The temperature dependence of the optical properties of the delafossite PdCoO2 has been measured in the a-b plane over a wide frequency range. The reflectance is close to unity until a sharp plasma edge at 0.7 eV, above which it decreases rapidly. The optical conductivity due to the free-carrier (intraband) response falls well below the intraband transitions; the plasma frequency determined from the f -sum rule is in good agreement with first principle calculations. The dichotomy between the transport and optically-determined scattering rates at low temperature indicates a strong frequency-dependent renormalization of the scattering rate. While infrared-active modes are observed, the origin of two very strong features of comparable energy remains uncertain.
The delafossite PdCoO 2 is remarkable for its extremely low in-plane residual resistivity at low temperature, ρ ab 8 nΩ cm [1, 2] , and high residual resistivity ratios (RRR 400), that are thought to place this material close to, or in, the hydrodynamic limit [3, 4] . This is in stark contrast to many other metal oxides, in particular the cuprates, which are either insulators or bad metals [5] ; in the latter the resistivity often shows a peculiar non-saturating linear temperature dependence that at high temperature may violate the Mott-Ioffe-Regel limit [6] (the point at which the mean free path is equal to a lattice spacing and the Boltzmann description of diffusive transport breaks down). The optical conductivity of the cuprates reveals an unusual free-carrier response where the scattering rate is strongly renormalized with frequency, leading to a broad, almost incoherent response over much of the mid-infrared region, that subsequently overlaps with other excitations [7] . The common structural motif in the cuprates is the square copperoxygen plaquettes where the conducting states originate; PdCoO 2 is different in that it crystalizes in the trigonal R3m (166) space group, consisting of Pd triangular layers and CoO 2 triangular slabs [8] , shown in the inset of Fig. 1 . There is theoretical [9] [10] [11] [12] as well as experimental [13] evidence that the density of states at the Fermi level is dominated by Pd rather than Co. The exceptionally long in-plane mean free paths of 20 µm at low temperature implies that the Pd layers are almost completely free of any disorder, since the mean free path corresponds to 10 5 lattice spacings [14] , a situation that is difficult to justify given that the crystals are grown using flux-based techniques.
In this Letter the complex optical properties of * homes@bnl.gov † andy.mackenzie@cpfs.mpg.de PdCoO 2 have been determined for the first time over a wide spectral range for a variety of temperatures. The real part of the optical conductivity is particularly useful as it yields information about the free-carrier response and interband transitions; in the zero-frequency limit, the dc conductivity is recovered, allowing comparisons to be made with transport data. Furthermore, the infrared-active transverse-optic modes at the center of the Brillouin zone may be observed as resonances superimposed upon an electronic background (or antiresonances if strong electron-phonon coupling is present).
Single crystals of PdCoO 2 were grown in an evacuated quartz ampoule with a mixture of PdCl 2 and CoO as described in Refs. 8 and 15, yielding thin platelets of typical dimensions 1 mm × 1 mm × 100 µm. The temperature dependence of the reflectance of PdCoO 2 was measured at a near-normal angle of incidence for light polarized in the a-b planes over a wide frequency range ( 5 meV to 5 eV) using an overfilling technique [16] . A remarkable feature of the reflectance is its extremely high value ( 0.99) over the far-and mid-infrared regions, with a sharp plasma edge at 6000 cm −1 ( 0.7 eV), shown in Fig. 1 . We remark that this measurement is particularly challenging because at room temperature the in-plane reflectance of PdCoO 2 in this region is already higher than that of gold or silver [17] , two elements that are used as optical references. Despite the increasingly metallic behavior with decreasing temperature [2] , the only noticeable change in the reflectance is a slight sharpening of the plasma edge. Interestingly, there is some structure in the 500−800 cm −1 region, the energy range associated with lattice vibrations. While the reflectance contains a great deal of information, it is a combination of the real and imaginary parts of the refractive index, and as such it is not an intuitive quantity. A Kramers-Kronig analysis of the reflectance has been performed to determine the complex dielectric function, from which the optical Figure 1 . The temperature dependence of the reflectance of PdCoO2 for light polarized in the a-b planes showing its extremely high value over the far and mid-infrared regions until a sharp plasma edge is encountered at 6000 cm −1 . Inset: The unit cell of PdCoO2 depicting the triangular coordination of the Pd atoms and the CoO2 slabs within the a-b planes [21] .
conductivity is calculated [18] [19] [20] .
The real part of the optical conductivity is shown over a wide spectral region at 295 and 5 K in Fig. 2 . Surprisingly, the low-frequency conductivity associated with the free-carrier response is limited to below 2000 cm −1 ; as a consequence, there is no overlap with the interband transitions which are observed above 7000 cm −1 . The f -sum rule allows that in the absence of other excitations, then ω 0 σ 1 (ω )dω = ω 2 p /8, where ω 2 p = 4πne 2 /m * is the square of plasma frequency with carrier concentration n and effective mass m * , and the cut-off frequency ω is chosen so that the ω p converges smoothly [in the integral σ 1 has the units of cm −1 ]. The inset in Fig. 2 shows the result of this conductivity sum rule up to about 1.5 eV; the integral has converged by about ω 1500 cm −1 , yielding a value of ω p 33 200 ± 600 cm −1 at both 295 and 5 K; this is close to the value of ω p 38 200 cm −1 determined from a de Haas-van Alphen study [2] . The optical conductivity may also be fit to the Drude-Lorentz model for the complex dielectric function˜ = 1 + i 2 ,
where ∞ is the real part of the dielectric function at high frequency, ω 2 p is the square of the plasma frequency, and 1/τ is the scattering rate for the delocalized (Drude) carriers. In the summation, ω j , γ j and Ω j are the position, width, and strength of the jth vibration or bound excitation, respectively. The complex conductivity is σ = σ 1 +iσ 2 = 2πiω[ ∞ −˜ (ω)]/Z 0 (in units of Ω −1 cm −1 ), where Z 0 = 377 Ω is the impedance of free space. The real and imaginary parts of the low-frequency optical conductivity at 295 K have been simultaneously fit to the Drude expression using a non-linear least-squares technique, returning values of ω p 33 800 ± 800 cm −1 and 1/τ 130 ± 20 cm −1 ; while the result for the plasma frequency is in excellent agreement with the value determined from the f -sum rule, the value for 1/τ is more than an order of magnitude smaller than the scattering rate suggested from photoemission experiments [13] .
From the Drude expression for the dc conductivity σ dc = 2πω 2 p τ /Z 0 , and the values for the fitted parameters at 295 K, σ dc 1.4 × 10 5 Ω −1 cm −1 , or in terms of the resistivity ρ dc 7 µΩ cm, which is comparable to the values determined from transport at room temperature [1] . Given that ρ ab (300 K)/ρ ab (2 K) 400 [22] , and ρ ∝ 1/τ , then at low temperature 1/τ 0.3 cm −1 ; however, fits to both the optical conductivity and the plasma edge in the reflectance at 5 K yield the significantly larger values of 1/τ 50 − 80 ± 20 cm −1 . While a value for 1/τ 1 cm −1 might reasonably be thought to result in a plasma edge that resembles a step function, the proximity of the plasma edge to nearby interband transitions has the effect of significantly broadening this feature. However, simulations of the reflectance using the Drude-Lorentz model that reproduce the instrumental resolution in the mid-and near-infrared regions of 1 meV indicate that even though the plasma edge is broadened by interband transitions, a non-linear leastsquares fit to the reflectance is still able to recover scattering rates of 1/τ 1 cm −1 (details are provided in the Supplementary Material). Thus, it is apparent that at low temperatures, the scattering rate determined at optical frequencies is indeed significantly larger than the transport scattering rate. This discrepancy may arise if the scattering rate is strongly renormalized with frequency, as described by the generalized Drude model [23] ,
However, this approach is complicated by the fact that
because the reflectance is extremely high, even a small uncertainty can result in large changes to σ 1 , and subsequently the scattering rate, making this approach unreliable.
While the in-plane transport at very low temperatures is rather unusual and perhaps governed by phonon-drag effects [2] , in general this material may be regarded as a a Fermi liquid [1] , where the scattering rate is then [2] ; considering only the frequencydependent part of the scattering rate, then 1/τ is the average of 1/τ (ω) over the interval 0 → ω,
From Fig. 3 a reasonable value for ω would be that point at which most of the spectral weight from the free carriers is captured, ω 900 cm −1 , resulting in 1/τ 85 cm −1 , which is in good agreement with the Drude estimates for the scattering rate at low temperature.
While a number of first principle calculations have been undertaken to study the electronic [9] [10] [11] [12] and vibrational [25, 26] properties of PdCoO 2 , we are unaware of any that have dealt with the optical properties. Accordingly, the electronic properties have been calculated using density functional theory (DFT) with the generalized gradient approximation (GGA) using the full-potential linearized augmented plane-wave (FP-LAPW) method [27] with local-orbital extensions [28] in the WIEN2k implementation [29] . The total energy and residual forces have been minimized with respect to the unit cell parameters and the fractional coordinates, respectively (details are provided in the Supplementary Material). The real part of the optical conductivity including the effects of spin orbit coupling has been calculated from the imaginary part of the dielectric function, σ x,x = 2πω x,x /Z 0 [30] , using a fine k-point mesh (10 000 k points). The calculated conductivity due to interband transitions along the a axis (σ x,x ) shown in Fig. 2 quencies have also been calculated for the a and c axes with values of ω p,a 31 500 cm −1 and ω p,c 3660 cm −1 , respectively; the value for ω p,a is in good agreement with the experimentally-determined average in-plane value of ω p 33 500 cm −1 . The resistivity anisotropy may be expressed in terms of the plasma frequencies and scattering rates,
At room temperature, ρ c /ρ ab 410 [14] ; using the result ω 2 p,a /ω 2 p,c = m * c /m * a 74, we can infer that τ a 5.6 τ c , increasing to τ a 15 τ c at low temperature.
The low-frequency optical conductivity in Fig. 2 has some structure superimposed on the free-carrier response. The optical conductivity at 295 and 5 K is shown in Fig. 3 below about 0.15 eV; several very strong features are observed, which are also present in the reflectance (shown in the inset). The irreducible vibrational representation for PdCoO 2 for the R3m space group is Γ vib = A 1g + E g + 2A 2u + 2E u ; the A 1g and E g modes are Raman active, while the A 2u and E u modes are infrared-active along the c and a axes, respectively [22] . While only two infrared-active vibrations are expected for light polarized in the a-b planes, it is clear from Fig. 3 that there are at least four modes present. The features in the optical conductivity have been fit to the Lorentzian oscillators [Eq. (1)], and the results shown in Table I . There are several existing first-principles calculations of the lattice modes in this material [25, 26] , which we have reproduced using the frozen-phonon method to determine the atomic character of the zone-center vibrations (details are provided in the Supplementary Material); the results for the two E u modes are summarized in Table I . The low-frequency E u mode involves mainly the Pd and Co atoms and is calculated to be at 154 cm −1 ; this mode is not observed due to the extremely large electronic background. However, there is a sharp feature at 318 cm −1 that is tentatively assigned as second harmonic of this vibration. The high-frequency E u mode, which involves the Co and O atoms, is calculated to be at 628 cm −1 and is observed at 645 cm −1 .
Although this feature appears relatively insignificant, it possesses significant oscillator strength (Table I) ; it only appears weak because it is superimposed on a large electronic background. The two strong features at 588 and 764 cm −1 fall into the characteristic energy range expected for the oxygen vibrations; however, they do not correspond to any observed or calculated vibrational features. Both modes, the one at 588 cm −1 in particular, narrow considerably and harden at low temperature, ruling out artifacts from absorptions elsewhere in the op-tical path as their origin. These structures are broader and stronger than expected for infrared-active vibrations. The more or less symmetric line shapes would tend to rule out polarons [31] as the source of these features. Exotic mechanisms that result in giant dipole resonances associated with the totally-symmetric A 1g modes have been observed in low-dimensional materials, and may appear as either resonances or antiresonances in the electronic background [32] . While the hint of an antiresonance at 720 cm −1 suggests that the lattice is likely involved, the origin of these features is ultimately uncertain.
In summary, the in-plane optical properties of PdCoO 2 reveal that the free-carrier intraband response falls well below the interband transitions, allowing the plasma frequency to be determined from the f -sum rule; the value of ω p 33 500 cm −1 is in good agreement with the results from first-principle calculations. While the optically-determined scattering rate at room temperature of 1/τ 130 cm −1 is consistent with transport measurements, at low temperature the optical values for 1/τ are significantly larger than the transport values. This apparent contradiction is resolved by the fact that the material may be described a Fermi liquid where the scattering rate is strongly renormalized with frequency; the optical scattering rate is then the average of 1/τ (ω) over the region of the free-carrier response. Despite the high conductivity of this material, at least one infraredactive lattice mode is identified. Curiously, there are two very strong features in the optical conductivity which, although they lie in the characteristic energy region associated with the lattice vibrations of this material, are not identified with specific modes and remain unidentified.
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BROADENING OF THE PLASMA EDGE
The reflectance may be described by the Drude-Lorentz model for the dielectric function˜ = 1 + i 2 ,
where ∞ is the real part at high frequency, ω 2 p,D = 4πne 2 /m * is the square of the plasma frequency with carrier concentration n and effective mass m * , and 1/τ D is the scattering rate for the delocalized (Drude) carriers. In the summation, ω j , γ j and Ω j are the position, width, and strength of the jth vibration or bound excitation, respectively. The complex refractive index isñ = n + ik, where n = 1 2
The reflectance at a normal angle of incidence is then
Figure S1(a) shows the Drude reflectance in the absence of any interband excitations for ω p,D = 33 500 cm −1 with a damping of 1/τ D = 1 cm −1 , and ∞ = 25 (the value of ∞ was chosen to reproduce the experimental data); the plasma edge is extremely sharp with a drop at just over 0.8 eV that resembles a step function. An interband excitation has been added at position ω 1 = 9000 cm −1 and width γ 1 = 2000 cm −1 , with a gradually increasing value of the oscillator strength of Ω 1 = 2000 → 10 000 cm 1 ; the addition of the interband term has the effect of broadening the Drude plasma edge considerably. This suggests that it may not be possible to extract the narrow scattering rate for the free carriers. To test this, we have calculated the reflectance using the parameters for the free carriers listed above, in the presence of an interband transition with ω 1 = 9344 cm −1 , γ 1 = 2711 cm −1 , and Ω 1 = 14850 cm −1 , which are the experimentally-determined values for the lowest-energy interband transition, with a wave-number spacing of of 8 cm −1 (less than or equal to the experimental resolution in the mid-and near-infrared regions); the calculated reflectance is shown in Fig. S1(b) . The reflectance has been fit to a free-carrier component and a single oscillator using a non-linear least-squares method, returning the values of ω p,D = 33 500 and 1/τ D = 0.98 cm −1 , shown by the dashed line in Fig. S1(b) ; the fitted results for the oscillator are identical to the input values, summarized in Table I . This Table I) .
indicates that despite the broadening of the plasma edge in the reflectance due to nearby interband transitions, as well as an instrumental resolution that is lower than the intrinsic width of this feature, the values for 1/τ D 1 cm −1 may still be accurately determined from the reflectance.
ELECTRONIC STRUCTURE CALCULATIONS
The delafossite PdCoO 2 crystalizes in the trigonal R3m (166) space group, consisting of Pd triangular layers and Figure S2 . The unit cell of PdCoO2 depicting the triangular coordination of the Pd atoms and the CoO2 slabs within the a-b planes [1] .
CoO 2 triangular slabs [2] , the unit cell is reproduced from the main text in Fig. S2 for convenience. The electronic properties have been calculated using density functional theory (DFT) with the generalized gradient approximation (GGA) using the full-potential linearized augmented plane-wave (FP-LAPW) method [3] with localorbital extensions [4] in the WIEN2k implementation [5] . An examination of different Monkhorst-Pack k-point meshes indicated that a 5 × 5 × 5 k-point mesh with R mt k max = 8 was sufficient for good energy convergence. Beginning with the experimental unit cell [2] a = 2.83 and c = 17.743Å, with the atomic positions of Pd, Co and O at (0, 0, 0), (0, 0, 1 2 ), and (0, 0, 0.1064), respectively, the total energy was minimized by adjusting a and c axes; the atomic fractional coordinate for the oxygen atom was then relaxed with respect to the total force, typically resulting in residual forces of less than 0.1 mRy/a.u. per atom. This procedure was repeated until no further improvement was obtained, yielding a = 2.876 and c = 17.972Å; the position of the oxygen atom has shifted slightly to (0, 0, 0.1131). For both of these procedures spin-orbit coupling is ignored. The electronic band structure has been calculated with GGA and spin-orbit coupling for several different paths between high-symmetry points in the trigonal unit cell, shown in Fig. S3 . This calculation accurately reproduces the results of several other calculations [6] [7] [8] [9] . As Fig. S3 indicates, there is only a single band crossing the Fermi surface, which has been attributed to the Pd 4d 3z 2 −r 2 -Pd 5s hybridized state [7] . While the paths along the high-symmetry directions are Figure S3 . The calculated GGA electronic band structure of PdCoO2 including the effects of spin-orbit coupling shown for several different paths between high-symmetry points for a trigonal Brillouin zone (generated using 400 k points).
useful, the contribution of the bands to the transport is better understood from the nature of the Fermi surface.
FERMI SURFACE
The Fermi surface has been calculated using GGA and a dense k-point mesh (10 000 k points, resulting in a 21 × 21 × 21 mesh). The resulting Fermi surface is shown in Fig. S4 and consists of a large warped hexagonal sheet, in agreement with previous calculations [7, 9] and experimental results [10, 11] . Figure S4 . The Fermi surface of PdCoO2 in the first Brillouin zone.
DIELECTRIC TENSOR
The real part of the optical conductivity has been determined [12] from the imaginary part of the dielectric function for σ x,x = 2πω x,x /Z 0 (a axis), and σ z,z = 2πω z,z /Z 0 (c axis), shown in Fig. S5 , using a fine k point mesh (10 000 k points, yielding a 21 × 21 × 21 mesh); Z 0 ≈ 377 Ω is the impedance of free space, resulting the units for the conductivity of Ω −1 cm −1 . Initially, the free-carrier contribution is not calculated, so that the imaginary part of the dielectric function is the sum of the contributions to the dielectric tensor over all the allowed interband transitions; only direct (q = 0) transitions are considered from occupied to unoccupied states. The onset of absorption is observed to occur at 4000 cm −1 , with a strong peak at 7000 cm −1 along the a-axis direction (somewhat higher along the c axis), very close to where the onset of absorption is observed in the experimental data. Figure S5 . The calculated result for the real part of the optical conductivity for PdCoO2 along the x (a) and z (c) directions.
The intraband contributions have been calculated for the a and c axes with values of ω p,a 31 500 cm −1 and ω p,c 3660 cm −1 , respectively. This indicates a large anisotropy in the effective mass of ω 2 p,a /ω 2 p,c = m * c /m * a 74.
LATTICE DYNAMICS
The lattice vibrations have been determined using the direct method, also known as the frozen-phonon technique. To determine the phonons at the zone center, a 1 × 1 × 1 supercell is sufficient. To obtain a complete set of Hellmann-Feynman forces, a total of 9 independent displacements are required; because there are always some residual forces at the atomic sites we have considered symmetric displacements, which doubles this number, resulting in a total of 18 atomic displacements. In this case, displacement amplitudes of 0.03Å were used; typical values for the displacements range from 0.02 to 0.06Å. The atomic displacements lower the symmetry of the unit cell resulting in a 10 × 10 × 1 k-point mesh. The calculations have converged when the successive changes for the forces on each atom are less than 0.01 mRy/a.u. The residual forces are collected for each set of symmetric displacements and a list of the Hellmann-Feynman forces are generated. Using the program PHONON [13] the cumulative force constants deconvoluted from the Hellmann-Feynman forces are introduced into the dynamical matrix, which is then diagonalized in order to obtain the phonon frequencies. The atomic intensities are further calculated to describe the character of the vibration; in this case the intensity refers to the square of the vibrational amplitude of each atom for a given mode. The results of the calculation are comparison with experimental results are summarized in Table II . While the calculated frequencies are in good agreement with a previous calculation [15] , they do not reproduce the A 1g and A 2u modes observed above 700 cm −1 , which appear to be better described by pseudopotential techniques [16] .
